Supporting Material

S1. Fluorescence lifetime imaging of actin-GFP in fixed HEK 293 cells
HEK 293 cells expressing actin-GFP were fixed and imaged with a Becker & Hickl Fluorescence Lifetime Imaging (FLIM) system (SPC150) adapted to the Prairie Ultima two-photon microscope. FLIM images were acquired (Fig. S1 , A and B) using 960nm excitation, a 560LP dichroic and a 525/50 emission filter. Fluorescence decays were analyzed on SPCImage and found to be fit well (χ 2 r ~ 1) with a mono-exponential decay (Fig. S1C) . The lifetime of this monoexponential decay was spatially homogenous throughout the cell and showed little variation between the soma and lamellipodia (Fig. S1B ). Lifetimes were measured from selected regions of interest in the soma and the average lifetime was calculated to be 2.49±0.05ns (n=18 cells).
S2. The linker as a Gaussian Chain
In the actin-GFP fusion protein, GFP is attached to the actin N-terminus by an 8 amino acid flexible linker (TTLYTKVG). Furthermore the last 10 amino acids of the Emerald-GFP Cterminus (ITLGMDELYK) have no secondary structure and are linked to the GFP beta barrel at a glycine residue (Gly229). We therefore model actin-GFP as two rigid structures (actin and GFP(1-229)) linked by an N = 18 amino acid, unstructured polypeptide chain. Assuming an average C α -C α bond length of b = 3.8Å, this chain has a total contour length (l c =Nb) of 68.4Å. The stiffness of a polypeptide chain is measured by its persistence length (l p ), the characteristic length over which tangent vectors to the chain lose coherence. Unstructured polypeptide chains have very short persistence lengths, making them highly flexible.
A large number of unstructured polypeptides have been successfully modeled as Wormlike Chains (WLCs) (1, 2). For a WLC, the end to end distance L follows the probability distribution:
Where P WLC0 is a normalization constant. Zhou (1) found the WLC model could adequately fit the end to end distance distribution of >25,000 unstructured polypeptides with a single value of the persistence length, l p = 3.04Å. We therefore take this as the persistence length of our linker. Similar values were obtained by Evers et al (2) .
A chain whose contour length greatly exceeds its persistence length can be approximated as a 'Gaussian Chain' with an end to end distance given by the probability distribution. Where P L0 is a normalization constant. Figure S2 compares the WLC and Gaussian Chain model for our 18 amino acid linker. The two models give near identical distributions and hence we consider the Gaussian Chain model to be a good approximation for our linker.
Equation 19 describes a Gaussian Chain free to move in any direction (0<θ L <180°, 0<φ L <360°), the distribution P(L) in the half-space outside a non-interacting wall is identical within a constant (3) except that the polar angle is now limited to 0<θ L <90°.
S3. Calculating the position and transition dipole vectors
In the actin-GFP fusion protein, GFP is linked to the N-terminus of actin via an 18 amino acid flexible linker. If is the position vector of the actin N-terminus at site j, is the end to end vector of the linker, and is the vector from the end of the linker to the GFP chromophore, then position vector of the chromophore is:
The position of the N-terminus of actin at polymer site j is:
Where the distance A xy is the distance from the actin helix axis to the N-terminus (35 Å), A z is the z-periodicity (27.5 Å) and θ = 166° is the angle about the z-axis. To calculate the linker ( ), chromophore ( ) and dipole ( ) vectors for a GFP at site 'j', we begin by setting , (C = 24 Å), and . This can be thought of as attaching the linker to the origin, stretching out the linker-GFP along the x-axis and rotating the GFP barrel so that the dipole orients along the z-axis. The orientation angles ( ) and the linker length ( ) are then chosen randomly within the limits summarized in Table S1 . Using the standard three dimensional rotation matrices, R x , R y and R z , we rotate the and vectors into the rotational orientations specified by their orientation angles. ) is at a randomly selected orientation with respect to the x-axis. We then rotate ( ) about the helix axis ( ) so that its random orientation is with respect to the helix radius vector of site j ( ) rather than the x-axis. The final position vector of the chromophore is then:
Similarly, the dipole vector is:
From which we can calculate the vector between two chromophores.
And the orientation factor
The FRET rate is then given by:
(28)
S4. Monte Carlo calculation of the ensemble average
We present here the calculation of the ensemble average of G -1 , the calculation of the average of is exactly analogous. To average G -1 over all possible orientation angles and linker lengths, we randomly select orientation angles and linker lengths for all the interacting GFPs, calculate F jk rates as described in Section S3, generate the G matrix and calculate its inverse:
This process is repeated for N MC (typically >100,000) iterations. The ensemble average, , is then the average over all iterations weighted by the probability of the configuration in each iteration. The probability of the configuration in iteration 'n' is simply . Here the product is over all the GFPs 'j' included in the simulation and the square brackets [x] n denote the value of x in iteration n. The probabilities of the random parameters are given in Table S1 . We have included only the non-uniform probabilities in this product as the uniform probabilities will cancel out in the calculation of the probability weighted average:
The number of iterations required for an average to converge depends on the number of degrees of freedom, and therefore the number of GFPs included in the simulation. By example, for a filament labeled at sites: 0, ±2 and ±4, was found to converge in ~100,000 iterations ( Fig. S3A) , that is, the absolute percentage change per iteration fell to ~0.01% within 100,000 iterations (Fig. S3B ).
To calculate for a partially labeled actin filament, since energy transfer from the initially excited site '0' is largely restricted to sites ±2 and ±4 for even a fully labeled filament, we simulated a 5 sub-unit filament of only sites j=0, ±2 and ±4. Each site was labeled with a probability except for the initially excited site '0', which was always labeled. Each Monte Carlo iteration then selected a new, random set of labeling configurations (with the same labeling density ), orientation angles and linker lengths and the ensemble average was calculated as above.
S5. Fluorescence anisotropy from fluorophores excited via emFRET.
Calculating the observed anisotropy from a population of labeled filaments requires averaging over all possible positions/orientations of the interacting GFPs as well as all possible orientations of the actin filament with respect to the excitation light. The orientation of the filament is given by the filament orientation angles θ F and φ F with respect to the z-axis and the x-axis respectively. The dipole vectors from Eq. 25 are therefore additionally rotated with to account for filament orientation. It is not necessary to rotate the position vectors of the chromophores as the vector between two interacting dipoles will not be affected by the rotation of the filament as a whole.
We must also account for the angle between the excitation and emission dipoles of GFP. The value of the anisotropy in the absence of any depolarizing factors and for collinear excitation and emission dipoles, is r 0,collinear = 0.57 (two-photon excitation). This would be the anisotropy of the actin-GFP monomer if the excitation and emission dipoles were collinear. The lower observed value of 0.447 is the result of two depolarizing factors i) the constant non-zero angle between the GFP excitation and emission dipoles and ii) the slight and variable rotational motion that occurs during the excited state lifetime of GFP. Both these factors result in a non-zero average angle between the excitation dipole at the time of excitation and the emission dipole at the time of emission. While this angle has a variable component arising from the rotational motion, we can approximate it as a constant given by (4):
(30) Giving = 22.3°. The accuracy of this approximation can be judged by the calculated anisotropy of the fluorescence from the initially excited site '0', which should be 0.447. Since the direction of the dipole is defined by the angle , we can define the excitation ( ) and emission ( ) dipoles of the GFP at site 'j' as:
We define the excitation light to be polarized in the direction, therefore the component of the fluorescence is 'parallel' and the component is 'perpendicular'. The two components of the fluorescence from the GFP at site 'm' can be calculated by analogy to Eq.29 as:
And,
From which the anisotropy is defined as
The anisotropies of the fluorescence from the initially excited site '0' and from sites j, excited via direct (pairwise) energy transfer from '0' are summarized in Table S2 . The fluorescence from the initially excited site '0' has an anisotropy of 0.436, close to the expected value of 0.447, indicating our approximation for was reasonable. For all other sites, the anisotropy is negligible and excepting |j|=1 and 3, even slightly negative. Recalling from Fig.2A that energy transfer (direct or via migration) is almost entirely to sites |j|=2 and 4, it is reasonable to approximate as zero the anisotropy from sites excited via energy transfer, i.e r et → 0.
Fluorescence from a site excited via energy migration (multiple transfers) will be even more depolarized as each transfer event will induce a depolarization.
S6. Incorporation probability affects the rate of energy transfer
Energy transfer from a site j to a site k in an actin polymer requires a donor at j and an acceptor at k. Therefore, the ensemble average rate of energy transfer <F jk > scales with the probability that j and k are correctly labeled (Eq. 1).
In the case of heteroFRET between actin-CFP and actin-YFP:
Where is the expressed actin fusion protein concentration normalized to the endogenous actin concentration.
For emFRET: (37)
If we impose the constraint that the total amount of expressed actin fusion protein must be the same in both cases, and assuming the ideal 1:1 donor:acceptor stoichiometry, we set where is the normalized total expressed fusion protein, in Eq. 36 to give:
Comparing Eq. 37 and Eq. 38 we can see that the concentration term contribution to <F jk > is 4 fold larger in emFRET as in heteroFRET (see also Fig. S4 ).
S7. Anisotropy imaging
Anisotropy imaging was done on an Ultima two-photon microscope (Prairie Technologies, Middleton, WI) (Fig. S5) . GFP fluorescence was excited at 960nm and filtered through a 670nm long pass dichroic and a 525/45 emission filter (FF01-525/45, Semrock, Rochester, NY). Fluorescence emission was split into parallel and perpendicular polarizations using a polarizing beamsplitter cube (10FC16PB.3, Newport, Irvine, CA) built into a filter cube (custom design by Prairie Technologies) enabling simultaneous detection of both polarizations. Additional polarization filtering was provided by dichroic polymer linear polarizers (DP-100-VIS, Meadowlark Optics, Frederick, CO).
Since imaging was done with a 20X 1.0 NA physiology objective, corrections had to be applied for polarization mixing by the objective (5, 6) . Fluorescence emitted from a point in the sample has polarization components I 1 , I 2 and I 3 . Where axis 1 is along the microscope optical axis, axis 3 is parallel to the excitation polarization and axis 2 is oriented as appropriate for a right handed coordinate system. Immediately after passing through the objective, these polarization components get mixed, such that:
Under ideal circumstances with no polarization mixing, and . For our imaging conditions, the objective NA = 1 and the refractive index of the immersion medium (water) n= 1.33. Therefore the K factors for our system were:
Where the objective half angle .
and propagate up the microscope detection pathway and are detected as signals and where and are the gains of the parallel and perpendicular pathways respectively.
are the parallel and perpendicular fluorescence images and we define the G factor of the system as .
Since I 3 and I 2 are the parallel and perpendicular components respectively of the fluorescence at the point of emission, the anisotropy (r) and total fluorescence (I T ) are then:
Combining Eq.39-43 with the definitions of and the G factor, we get:
And (45) Calculated pixel by pixel, Eq. 44 and Eq. 45 give images of the anisotropy and total intensity of a sample imaged through a high numerical aperture objective.
The G factor was measured by acquiring parallel and perpendicular fluorescence images of an anisotropy standard under excitation/emission conditions identical to those used for GFP. For our standard, we used an aqueous solution of a low molecular weight dye with a known, near zero anisotropy e.g. 1 µM Alexa 488, r = 0.026 (for 2 photon anisotropy), which we approximated to have r=0. Equation 44, along with the K factors from Eq. 41, can then be used to calculate the G factor. The G factor tends to spatially vary across the field of view. To minimize this effect, we imaged at high zoom (>5) to achieve a largely constant value of G over the imaged field.
S8. Cell culture
HEK 293 cells were cultured on poly-l-lysine coated coverslips and transduced with an actin-GFP (Emerald GFP) expressing baculovirus (C10582 CellLight Actin-GFP Bacmam 2.0, Invitrogen). Cells were allowed to express 24-48 hours before imaging alive or post fixation. Live imaging was done in a dish perfused with DMEM bubbled with 95%O 2 /5%CO 2 and warmed to 32°-35°C. Cells were fixed with 4% paraformaldehyde in PBS and when necessary phalloidin staining was done using either Rhodamine phalloidin (R415, Invitrogen) or Texas Red-X phalloidin (T7471, Invitrogen).
S9. Mice
All procedures were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at Columbia University and the New York State Psychiatric Institute. C57Bl/6j mice (postnatal ages 90-150 days) were used in this study. All animals were grouphoused in a standard animal care facility with a 12-h light/dark cycle where they had free access to food and water.
S10. Surgeries/viral injections
Viral transduction in live mice was performed using an Adeno-X Tet-Off expression system (Clontech Laboratories, Inc., Mountainview, CA). The adenovirus for β-actin-EGFP and the TetOff virus were supplied by Scott Soderling (Duke University, Durham, NC). Coinfection with these viruses gives a constitutive expression in the absence of Tc or Dox. Viral injections were performed in a biohazard level 2 biochemical cabinet. Animals were anesthetized with a mixture of ketamine and xylazine via intraperitoneal injection and operated on using standard sterile conditions. The skull was drilled to allow the penetration of a fine glass pipette (8 to 15 µm inner diameter) containing a 1:1 mixture of the β-actin-EGFP adenovirus and the Tet-Off virus. The ejection of the virus was performed using a syringe under positive pressure. Each injection in the dorsal hippocampus consisted of a volume of 2 µl delivered bilaterally by a single injection at the following coordinates relative to Bregma (in mm): antero-posterior -2; ventro-dorsal -1.3; medial-lateral 1.3. The rate of injection was approximately 0.5 µl per minute. Following the injections, the skull was covered with triple antibiotic ointment and the wound sutured. Animals were sacrificed 2 weeks later for hippocampal slice preparation.
S11. Hippocampal slices
Transverse hippocampal slices were prepared. Animals were sacrificed by decapitation in accordance with institutional regulations. Hippocampi were dissected and slices (400 µm thickness) were cut with a vibratome (Leica Microsystems, Buffalo Grove, IL) in ice-cold extracellular solution containing 238 mM Sucrose, 2.5 mM KCl, 10 mM glucose, 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 1 mM CaCl 2 and 2 mM MgCl 2 . The slices were kept at room temperature with oxygenated artificial CSF (aCSF; 119 mM NaCl, 3 mM KCI, 1.5 mM MgSO 4 , 2.5 mM CaCI 2 , 26.2 mM NaHCO 3 , 1 mM NaH 2 PO 4 , and 11 mM glucose) for at least 1 hour before transfer to the imaging chamber. Cutting and imaging solutions were both saturated with 95% O 2 and 5% CO 2 , pH 7.4.
S12. Drosophila larvae imaging
Drosophila larvae expressing actin-GFP in peripheral sensory neurons were donated by Jay Brenman (University of North Carolina, Chapel Hill, NC). Larvae were collected at ~day14. They were immobilized by placing on them a drop of glycerol and a small (25 x 25 mm) glass coverslip.
Movie S1
HEK293 cells were virally transduced with actin-GFP and allowed to express for 48 hours. During live imaging, stage conditions were maintained by perfusing the cells with DMEM warmed to 37°C and bubbled with 95%O 2 /5%CO 2 . Images were acquired at intervals of 15s for 100 frames. Cells could typically be imaged under these conditions for ~1hr without noticeable deleterious effects. Table S2 . Anisotropy imaging with a two-photon microscope. Linearly polarized 960nm pulsed excitation light (Ex) excites GFP fluorescence emission (Em). The emission is separated from the excitation by a 670nm long pass dichroic mirror (DM). Emission is further filtered through a green filter (EF) and then split into parallel and perpendicular polarizations by a polarizing beam splitter (PBS). These polarizations are filtered using secondary linear polarizers (LP) before detection with photomultiplier tubes (PMT).
